
e / / '  

PART A 

NONPRINCIPAL-PLANE SCATTERING FROM FLAT PLATES - 

SECOND-ORDER AND CORNER DIFFRACTIONS 

-2 - 



PART A 

NONPRINCIPAL-PLANE SCATTERING FROM FLAT PLATES - 

SECOND-ORDER AND CORNER DIFFRACTIONS 

I. Introduction 

The modeling of a perfectly-conducting, rectangular plate for 

scattering in nonprincipal planes using the Method of Equivalent (MEC) 

currents was discussed in a previous report [l]. Two models using 

only first-order equivalent currents were presented. The first model 

used Geometrical Theory of Diffraction (GTD) equivalent currents 

[2] - [ 3 ] ,  which are well behaved for monostatic scattering but contain 

* singularities for bistatic scattering. A second model using Physical 

Optics (PO) [ 4 ]  and Physical Theory of Diffraction (PTD) [SI 

equivalent currents was developed. These currents are well behaved 

for both monostatic and bistatic RCS predictions. The GTD and PO/PTD 

equivalent currents models give similar results and compare favorably 

with moment method (MM) and experimental results away from regions 

near and at grazing incidence. Near and at grazing incidence, 

higher-order scattering and corner diffraction mechanisms were thought 

to be significant factors in the total scattered field and a means of 

including these components was desired. 
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In this report, two new models of the plate for 

nonprincipal-plane scattering are explored. The first is a revised 

version of the PO/PTD model with second-order PTD equivalent currents 

[ 6 }  included to account for second-order interactions among the plate 

edges. The second model uses a heuristically derived corner 

diffraction coefficient [ 7 ] ,  181 to account for the corner scattering 

mechanism. The patterns obtained using the newer models are 

comparedto the data of the previously reported models, MM, and 

experimental results. 
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11. Theory 

A. Second-Order PTD Equivalent Currents 
$ I  

As wi th  many v e r s i o n s  of  t h e  MEC, t h e  second-order  PTD e q u i v a l e n t  

c u r r e n t s  a re  fo rmula t ed  u s i n g  t h e  canon ica l  p e r f e c t l y  conduc t ing ,  

i n f i n i t e  wedge geometry which is used  t o  approximate o t h e r  g e o m e t r i e s .  

Fo r  t h e  r e c t a n g u l a r  p la te  shown i n  F i g .  1, each edge i s  modeled as  an  

i n f i n i t e  h a l f - p l a n e  by s e t t i n g  t h e  e x t e r i o r  wedge a n g l e  t o  27r. T h i s  

is a valid approximation as long as the edges are  e l e c t r i c a l l y  

i s o l a t e d ;  t h u s ,  t h e  accu racy  of  t h i s  model i n c r e a s e s  a s  t h e  e l ec t r i ca l  

s i z e  of t h e  p l a t e  i n c r e a s e s .  The g e n e r a l  wedge geometry i s  shown i n  

F i g .  2 .  T h i s  geometry is a p p l i c a b l e  t o  b o t h  f irst-  and  second-order  

e q u i v a l e n t  c u r r e n t s .  The d i r e c t i o n a l  v e c t o r s  and a n g l e s  a re :  

s' = t h e  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of i n c i d e n c e .  

s = t h e  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of  o b s e r v a t i o n .  
A 

A 

t = t h e  u n i t  v e c t o r  t a n g e n t  t o  t h e  edge of i n t e r e s t ,  
directed so t h a t  it e n c i r c l e s  t h e  scatterer i n  a 
coun te rc lockwise  manner. 

A 

n = t h e  u n i t  v e c t o r  normal t o  t h e  edge o f  i n t e r e s t ,  l y i n g  
on t h e  i l l u m i n a t e d  f a c e .  

A 

6,' = t h e  a n g l e  between s'  and t h e  edge. 

6,  = t h e  a n g l e  between s and  t h e  edge. 

qr = t h e  a n g l e  between t h e  i l l u m i n a t e d  face and  t h e  

A 

edge - f ixed  p l a n e  of i n c i d e n c e .  

I,!J = t h e  a n g l e  between t h e  i l l u m i n a t e d  f a c e  and  t h e  
edge-fixed p l a n e  of o b s e r v a t i o n .  
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Edge 3 

A 

L 2a ------/ 
F i g .  1 .  Plate geometry. 
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Fig.. 2. Wedge geometry f o r  equivalent currents der ivat ion.  
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a = t h e  skew a n g l e  of i n t e g r a t i o n  a c r o s s  t h e  s u r f a c e .  

I n  t e r m s  of t h e  d i r e c t i o n a l  v e c t o r s ,  t h e  d i r e c t i o n a l  a n g l e s  a r e :  

A A 

For monostatic scattering, !b = @', Po = TC - Po1, and s - - s t .  For the 

f l a t  p l a t e ,  t h e  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of i n c i d e n c e  f o r  t h e  

geometry c o n s i d e r e d  i s :  
A A A A A 

s '  = -ar = -a, s i n e l c o s $ l  - a y  s i n e ' s i n $ '  - a, cos9' ( 2 )  

A d i f f e r e n t  set of d i r e c t i o n a l  v e c t o r s  and  a n g l e s  must be 

f o r m u l a t e d  f o r  e a c h  edge .  The v e c t o r s  f o r  each  edge a r e :  
A A A A 

Edge 1: tl = a Y  n1 = -a, 

Edge 2 :  t2 = 

Edge 3:  t, = -a, n3 = 

Edge 4 :  t4 = a, n4 = 

A A A A 

n2 = a, -aY 
A A A A 

-aY 

a Y  

A A A A 

The r e s u l t i n g  pot f u n c t i o n s  f o r  each  edge a r e :  

Edge 1: c o s p  = - s i n e ' s i n @ l  
O 1  

s i n 6  O1 I = /- 
Edge 2 :  c o s p  = -cos6 (4c) 

0 2  01 

0 2  01 
s i n 6  I = s i n p  I ( 4 d )  
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E d g e  3 :  coss  = s in@'cos# '  
0 3  

s i n p  O3 I = /- 
Edge 4 :  cosp,; = -cosB 03 ' 

s i n p  = s i n p  
0 4  03 

Using t h e  Bo' d e f i n i t i o n s ,  t h e  JI' f u n c t i o n s  can  be expressed as :  

- s ine '  cos#'  
Edge 1: cos@l = sins I 

O 1  

c o s e t  
s i n a  I 

01 
sin@1 = 

Edge 2 :  cosi,!J2 = -cosi,!J1 (5c) 

s in@* - s in@l  (5d) 

-s in@'  s in# '  
s i n p  Edge 3 :   COS@^ = 

0 3  

Edge 4 :  COS@, = - c O s @ 3  (5g) 

s i n @ 4  = sin@, (5h)  

F o r  each  edge t h e  t a n g e n t i a l  components of  t h e  i n c i d e n t  e l ec t r i c  

and  magne t i c  f ie lds  a r e  needed t o  de t e rmine  t h e  co r re spond ing  

e q u i v a l e n t  c u r r e n t s .  Both s o f t  and h a r d  p o l a r i z a t i o n s  a re  c o n s i d e r e d .  

The i n c i d e n t  f i e l d s  a r e :  

S o f t  P o l a r i z a t i o n  - 

i n  - j k * r  
H = a (l/v) E, e - - e - 
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Hard Polarization - 

To simplify the rectangular plate analysis, the incident fields 

are transformed to the rectangular coordinate system. The position 

vector, 5, is: 
A A A 

r = a, x + ay y + a, z - (7) 

The propagation vector, - k, for the incident field is: 
A A A h 

- k = -k a, = - k ( a ,  sinef cos4, + ay sine'sind' + a, COS€)' ( 8 )  

With respect to the rectangular coordinate system, the incident fields 

are : 

Soft Polarization 

i j k  ( x s i n e ' c ~ s $ ~  + y s i n e '  sin$' +zcose' ) - E = E o e  
A h 

x [ -axsin$, +aYcos$' I 

j k  (xs ine '   COS$^ + y s i n e '  s in$'  +zcosO'  ) - H~ = ( l / t ) )  E, e 
A A A 

x [a,cosef cos$, +a,cose' sin$'+a,sine' ] (9b) 

Hard Polarization 

jk ( x s i n e / c o s $ '  + y s i n e '  s in$'  + z c o s e '  Ei = E, e 
A A * 

x [a,c~s~'cos~~ +aycosO' sin$ '  +a,sine' 1 (9c) 

A A 

x [ -axsin@, +aycos$' ] 
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The s c a t t e r e d  f i e l d s  f o r  f a r - f i e l d  o b s e r v a t i o n s  a r e  e x p r e s s e d  i n  

t e r m s  of t h e  v e c t o r  p o t e n t i a l s :  

E, 0 

E e I - j w  [Ae + VF9 1 

E# I - j w  [A4 - qFe 1 

The v e c t o r  p o t e n t i a l s  a r e :  

- j k r  
A = I I ( X ' , Y f f Z f )  - de' e 
- 4K - R 

C 

- j k r  

dl ' F = - I M ( x ' , y f r Z ' )  - - 4n - R 
& e 

( l l b )  

C 

For f a r - f i e l d  a n a l y s i s ,  t h e  fo l lowing  s i m p l i f i c a t i o n s  can  be made: 
A 

R r - r 'cost3 = r - 5,. a, ( f o r  phase  v a r i a t i o n )  (12a)  

R r r  ( f o r  ampl i tude  v a r i a t i o n )  (12b)  

where 
A A 

- r' = a x  x + ay  y 

f o r  t h e  f l a t  p l a t e  o r i e n t e d  a s  i n  F i g .  1. For  phase v a r i a t i o n :  

(13) 

F i n a l l y ,  t h e  v e c t o r  p o t e n t i a l s  f o r  f a r - f i e l d  s c a t t e r i n g  from t h e  

p l a t e  become: 

C 
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The integrals are evaluated along the perimeter of the plate in a 

counterclockwise manner. On the surface of the plate, z=O. Also, 

for each edge, the coordinates are: 

Edge 1: x = a - b S y S b  

Edge 2: x = -a - b S y S b  

Edge 3 :  -a S x S a Y - b  

To simplify the derivation, each vector potential integral is 

represented as a sum of four integrals, each corresponding to an edge 

of the plate. For the second-order currents, numerical integration is 

used in evaluating the integrals. I and M - must be determined - 
separately for each edge taking into account the individual 

geometries. Again, each edge is viewed as the truncation of an 

infinite half-plane. 

The general geometry for the formulation of the second-order 

currents is shown in Fig. 3 .  The directional vectors and angles are 

for the edge of first-order diffraction defined above in the 

description of Fig. 2. The diffracted ray travels along (T at a skew 
A 

angle of P o ' .  The axis of integration across the structure is again 

(T, which effectively eliminates all singularities except the Ufimtsev 
A 

singularity for forward observation at grazing incidence. The 

distance from the first point of diffraction, 01, to the second point, 

02, is 2. The tangent vectors to the edge of first diffraction is tl 
A 
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C 

F i g .  3. Geometry f o r  second-order components. 
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h 

and the vector at the second edge is t2. These are oriented so that 

they encircle the scatterer in a counterclockwise manner. 

The second-order PTD equivalent currents components are 

defined as: 

where 

-f The surface fringe current density, j , is expressed in terms of the 
f exact fringe-current scattering solution to the wedge; therefore, K2 

consists of a contour integral in the complex plane that is integrated 

along (r and evaluated only at the upper endpoint. 3 is evaluated f A 

using the Method of Steepest Descent 

is [ 5 1 :  

A h  

and the result for a half-plane 

A A  
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The expressions for the currents simplify to: 

f "  f A  f 
I2 = t2* K2 - n2* 3 cotf12cos$, 

f where K2 is given in (18) for a half-plane. Other necessary 

quantities are: 

* A  

t,, t2 = the u n i t  vectors tangent to the edges of first- 
and second-order diffractions, respectively, 
oriented so that they encircle the scatterer in a 
counterclockwise manner. 

the unit vectors normal to the edges of first- and 
second-order diffractions, respectively, pointing 
inward and lying on the illuminated surface of the 
scatterer. 

A h  

nI, n2 = 

.. 
(r = the unit vector in the direction of integration skewed 

at an angle sor with respect to the edge of the wedge 
so that it represents the grazing diffracted ray. 

or 
A A  A 

(r = n1 sinklo' + tl cosp0' 
A 

2 = the distance along LT from O1 to O,, the points of 
first- and second-order diffraction, respectively. 

F(x) = the modified Fresnel transition function. 

or 
2 

2 -jt F(x) = elx e dt 

X 
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2 sin2 ( 7 / 2 )  cos7 - cos Po' = - 2 
2 2 sin sof sin 6,' 

P '  

A A 

y = the angle between cr and s .  

cosy = (r s = sinfiofsinplcos$l + cos~ofcos~l 
A h  

(2 Od) 

(20e) 

A 

Pi = the polar angles of s in the coordinate system 
local to the edge of interest, the niryIti 
coordinate system. 

where 
A h  

cospi = s ' ti 
A A  

sinpicos$i = s ni 

sin[3isin$i = s y 
h A  

The directional angles Pof , P O I  I), , and I,!J are defined in ( 4 )  and ( 5 ) .  

f 
The second-order diffracted field is obtained by substituting M2 

and I2 from (19) into the vector potential integrals of (111, f 

integrating, and then substituting into (10) . Numerical integration 

must usually be used to find the integrals of (11). The limits of 

integration on the integrals of (11) are found using ray tracing. The 

area that the first-order fields affect is bounded by the two extreme 

first-order diffracted rays. Fig. 4 illustrates this procedure. Edge 

AB illuminates the curve from A' to B f .  Integration is along the 

boundary from A' to B ' .  Often illuminated regions overlap due to 

interactions from many edges. 

The total first- and second-order fields are found .by adding the 

fields due to scattering by the PO currents, the PTD components, and 
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incident \ 

F i g .  4. Geometry for i l l u m i n a t i o n  of the second edge. 
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e l 

the second-order components. These fields are valid for all 

directions of illumination and observation, on and off the Keller cone 

of diffracted rays, except for the forward direction due to grazing 

incidence where an infinite singularity exists. This is the Ufimtsev 

singularity. 

In terms of the directional vectors, the directional angles are: 
A A  

cosp2 = s t 
A A  

~in/3~cos$~ = s n2 
A h  

(21a 

(21b 

sinP2sinq2 = s y (21c) 

For each edge of second-order diffraction, the directional vectors 

are : 
A A A A 

Edge 1: tZi = ay nZi = -ax 
A A A A 

Edge 2: tZ2 = -ay "22 = ax 
A A A A 

Edge 3 :  t23 = -ax "23 = -ay 
A A A A 

Edge 4: tZ4 = a, "24 = ay 

22a) 

22b) 

22c) 

(22d) 

Using the definitions of (22) in the equations of (21) along with the 
A - s inQ2 3 2  

definition of s r  from (2), the factors sins, and in (19) 

simplify to the following for each edge: 

-sin 2 8' cos$' sin$' 

2 2 2 COtS21C09~21 = 
sin @'cos $'+cos 8' . 

(23b) 
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2 - s i n  8' cos+' s i n + '  

s i n  13'cos @ / + c o s  8' 
C O t p 2 2 C O S * 2 2  = 2 2 2 

sin$23 E COS8 '  

sin'23 s i n  e ' s i n  @'+cos e' 
Edge 3:  - 

2 2 2 

2 
s i n  @'cos+' s i n @ '  

s i n  B's in  @'+cos 8' 
Cw323COS*23 = 2 2 2 

2 
(23h)  s i n  8' cos+' s i n + '  

s i n  B's in  @'+cos 8' 
cotp2,cos*2, = 

2 2 2 

T h e  remain ing  f a c t o r  i n  t h e  e q u i v a l e n t  c u r r e n t s  e q u a t i o n s  t h a t  

must be de termined  f o r  each  edge i s  K r 2 .  The p r e c e d i n g  v e c t o r s  and  

f u n c t i o n s  refer t o  t h e  edge of 

v e c t o r s  and  f u n c t i o n s  i n v o l v e d  

edge of  f i r s t - o r d e r  d i f f r a c t i o n  

second-order  d i f f r a c t i o n  o n l y .  The 

f i n  t h e  d e f i n i t i o n  of 5 i n v o l v e  t h e  
A A 

o n l y  e x c e p t  f o r  t h e  I Q  X t21 f a c t o r  

which i n v o l v e s  d i r e c t i o n a l  v e c t o r s  from t h e  edges of  b o t h  f i r s t -  and  

second-order  d i f f r a c t i o n .  For  a h a l f  p l a n e ,  5; i s  g i v e n  i n  ( 1 8 )  . 
A A 

T h e  tl and n1 v e c t o r s  a r e  d e f i n e d  f o r  each  edge i n  ( 3 ) .  The 

i n c i d e n t  f i e l d s ,  Hi and Ei a r e  d e f i n e d  i n  ( 9 ) .  F ( x )  i s  t h e  m o d i f i e d  - - 
F r e s n e l  t r a n s t i o n  f u n c t i o n  of (2Oc).  The d i r e c t i o n a l  a n g l e s  6,' and I// 

a r e  t h e  s a m e  a s  t h o s e  i n t r o d u c e d  a t  t h e  b e g i n n i n g  o f  t h i s  s e c t i o n .  
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All t h e  n e c e s s a r y  f u n c t i o n s  of t h e s e  a n g l e s  derive e a s i l y  from t h e  

r e l a t i o n s  of ( 4 )  and ( 5 ) .  
h 

The u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of i n t e g r a t i o n ,  ( r r  f o r  e a c h  edge 

i s  : 
A A A 

Edge 1: 

Edge 2: 

Edge 3 :  (r3 = -a, cos6  - ay  s i n p  I 
O 3  03 

Edge 4 :  (r4 = a, cosp  + ay  s i n 6  I 

O 4  O 4  

(rl = -a, s i n p  ' t ay  cosp  ' 
01 01 

(r2 = a, s i n 6  ' - ay  cosp,; 
0 2  

A h A 

A h h 

A h h 

I n  g e n e r a l  the t e r m  p is  d e f i n e d  as: 

2 c o s y  - c o s  Bo' 
2 P' 

s i n  B o r  
where 

A h  

c o s y  = (r s (26)  

For  e a c h  edge, t h e  ;r f u n c t i o n s  a r e :  

Edge 1 : cosyl  = - s i n 6  ' s i n e '  cos$' +cos/3 s i n e '  s in$ '  (27a 

Edge 2 : cosy2 = s i n p  s i n e '  cos$' -cosp s i n e r  s in$ '  (27b 

01 01 , 

0 2  0 2  

Edge 3 : cosy3 = - s i n 6  s i n e '  cos$' -cos8 ' s i n e '  s in$ '  ( 2 7 ~ )  03 03 

Edge 4 : cosy4 = s i n 6  ' s i n e '  cos$'+cosp ' s i n e '  s in$ '  (27d)  

Using t h e s e  d e f i n i t i o n s  and t h o s e  of ( 4 ) '  t h e  p ' s  f o r  e a c h  edge 

0 4  O 4  

a r e  : 

2 cosy1 - c o s  p ' 
01 Edge 1: p1 = 

2 s i n  p 
O 1  

2 cosy2 - c o s  p ' 
02 Edge 2 :  p2 = 

2 s i n  /3 
0 2  

(28b) 

-20- 



I 1 
I 

2 cos73 - COS P 
2 sin f l  ' 

0 3  

0 3  
Edge 3 :  p3 = 

The coupling terms between the edge of first-order diffraction 
A A 

and the edge of second-order diffraction are the le X t21 , the L, and 
f 

the 2 terms. For each pair of intersecting edges a different 3 

factor results due to these terms. Due to symmetry, one needs to 

consider the range 0' 5 4' S 9 0 '  only for the plate rotation angle. 

This eliminates having to consider interactions between some edges. 

The remaining interactions that one must consider are: 

(1) 1st-order diffraction from edge 1 to edge 4. 

(2) 1st-order diffraction from edge 1 to edge 2. 

(3) 1st-order diffraction from edge 2 to edge 4. 

(4) 1st-order diffraction from edge 2 to edge 1. 

( 5 )  1st-order diffraction from edge 3 to edge 2 .  

(6) 1st-order diffraction from edge 3 to edge 4. 

(7) 1st-order diffraction from edge 4 to edge 2. 

( 8 )  1st-order diffraction from edge 4 to edge 3 .  
A h  

The I L T  X t21 terms for each of these interactions reduce to: 
A A 

Edge 1 to Edge 4: lel x t2 I = cos@ ' 
4 O1 

A A 

Edge 1 to Edge 2 :  le1 X t221 = sinP ' 
01 

A A 

Edge 2 to Edge 4: le2 X tZ4 I = cos@ O 2  

-21- 



A h 

Edge 2 to Edge 1: 

Edge 3 to Edge 2: 

Edge 3 to Edge 4 :  

(e2 X tZ11 = sin6 ' 0 2  

IC3 X tp2 I = cospo; 

l(r3 X t2ql = sin@,j 

(29d) 

(29e) 

29f) 

A A 

A A 

A A 

Edge 4 to Edge 2: IC4 X tZ21 =- cos(3,~ 

O 4  

2 99) 
e. h 

Edge 4 to Edge 3: l c r 4  X tZ31 = sin6 29h) 

The distance parameter, 2, designates the distance from the point 

of first-order diffraction to the point of second-order diffraction 

measured along (r, the grazing diffracted ray. The !e parameters are 

c o n s t a n t  f u n c t i o n s  of i n c i d e n c e  angle o n l y  f o r  opposite edge 

interactions but are functions of distance along the edge for adjacent 

edge interactions. Fig. 5 shows the geometry for determining the !t? 

parameters for interactions between edges 1 and 2 and edges 1 and 4 .  

The geometries for the other interactions are similar. The limits of 

integration in the vector potential integrals of (15) vary according 

to the illumination of the edge of second-order diffraction. The 

extent of illumination is bounded by the grazing diffracted rays from 

the edge of first-order diffraction. Thus, the limits of integration 

are a function of the incidence angle. The distance parameters, 2 and 

L, along with the limits of integration are given below for each pair 

of interacting edges. Recall that: 

h 

(30) 
2 L = k l  sin Po' 
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I 

B 

/ Edge 1 

- x  

F i g .  5. Geometry f o r  determining the distance parameters. 
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Edge 1 t o  Edge 4 - _ _ - -  
a - x4 

(31b) 2 
L14 = k f 1 4 s i n  p ' 

O1 

L i m i t s  of i n t e g r a t i o n :  -a = x 5 a 

a - 2btan(n-13 I )  5 x 5 a 

-1 
f o r  6 I I n - t a n  ( a / b )  

f o r  p ' Z n - t a n  ( a / b )  

01 

0 1  

-1 
P 

Edge 1 t o  Edge 2 - - - - -  
2a - 

2 1 2  - 
01 

2 
L12 = kE12 s i n  B I 01 

L i m i t s  of i n t e g r a t i o n :  

Edge 2 t o  - -  Edge 4 - -  

-1 
f o r  So; 5 n - t a n  ( a / b )  

a + x4 

'24 s i n 6  I 
O 2  

L24 = kY14sin poi 

- - 

2 

-1 
L i m i t s  of i n t e g r a t i o n :  -a i x i a f o r  8,; Z t a n  ( a / b )  

-a I x 5 -a + 2btanp  ' f o r  So; Z n - t an- '  ( a / b )  
02 

Edge 2 t o  Edge 1 - - - - -  
2a 

s i n p  ' 
0 2  

221 = - 

2 
= s i n  /3 ' 

0 2  

L i m i t s  of i n t e g r a t i o n :  

2a - b i y i b -  
t a n  ( S o ; )  
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Edge 3 t o  Edge 2 - _ _ - -  
b - Y 2  

- - 
'32 s i n 6  I 

L32 = k232s in  P o i  
0 2  

2 

-1 L i m i t s  of i n t e g r a t i o n :  -b 5 y S b  f o r  Po;  2 t a n  ( b / a )  

for /3 I Z t a n - ' ( b / a )  
0 3  

b - 2atan/3,; S y 5 b 

Edge 3 t o  Edge 4 ----- 
2b 

'34 = 
03 

2 
L34 = kl,, sin 

03 

L i m i t s  of i n t e g r a t i o n :  

-1 
for Po1 I t a n  (b/a)  

3 

Edge 4 t o  Edge 2 ----- 
b + Y2 

'42 = I 

0 4  

2 
L42 = k!f?42sin Po;  

-1 L i m i t s  of i n t e g r a t i o n :  -b 5 y 5 b f o r  P o ;  5 II - t a n  ( b / a )  

-1 
-b 5 y 5 -b + 2a tan (n -P  ' )  for Po;  2 t a n  ( b / a )  

0 4  

Edge 4 t o  Edge 3 - - - - -  

- 2b 
'43 - z q  

2 
Lq3 = k f 4 ,  s i n  /3 I 0 4  

L i m i t s  of i n t e g r a t i o n :  

I x I a  2b 
tan(n-13 I )  

a -  
0 4  

-1 
f o r  Po;  I II - t a n  ( b / a )  

-25- 



The second-order fields are determined by substituting the 

current components for each pair of interacting edges into the vector 

potential equations of (11) and using (10). For opposite edges the 

integrals reduce to closed-form expressions. The adjacent-edge 

integrals must be evaluated numerically. Just as for the first-order 

diffractions, integration is with respect to either the x or y 

coordinate so that the integrals involved simplify to the following: 

Edge 1 to Edge 4 ----- 

Edge 1 to Edge 2 - - - - -  
- '-'f e j2kysine'sin@ 

I12 - dY 

1 4ak s i n e l  sin@ 
tan(n-p ' 1  

01 
j 2 k  sinei sin@ 

Y1 

= -2bsinc (2kbsinet sin#/ 1 - 

Edge 2 to Edge 4 - _ - - -  

-2 6- 



Edge 2 t o  Edge 1 

s in# '  
- L  

= 2 b s i n c  (2kbs ine f  s i n $ #  + 
j2k s ine1  s i n @ '  

Edge 3 t o  E d g e  2 

j k y s i n e '  s in$ '  
I~ = -1 y 2  e - j k f 3 2  F ( d  L 3 2 ( 1 - p 3 )  ) e d Y  

Y 1  
32 

y 2  j k y s i n e '  s i n $ *  

Y 1  

L 3 2 ( 1 + c o s $ 3 )  1 e d Y  = -1 e-jk'32 ~ ( d  
32 

Edge 3 t o  Edge 4 - - _ - -  
j 2 k x s i n e '  cos@ 

I 3 4  - - X f e  dx 
x1 

4 b k  
t a n S  

s i n G * c o s $ p  
03 

j2k s i n e '  cosqj' 
= -  

Edge 4 t o  Edge 2 - - _ - -  

I~ = -1 y 2  e - jk fq2  F ( d  L 4 2  ( l - p 4 )  ) 
42 

j k y s i n e t  s i n # '  
e d Y  

Y 1  

Edge 4 t o  Edge 3 - - _ - -  
j2kxs in l3 '  s in$ '  

I 3 4  - - X f e  dx 
x1 

(321) 

= -  
j2k s i n e '  cos#~' 

-27- 
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E. Corner D i f f r a c t i o n  

Because the GTD and UTD diffraction coefficients are derived from 

the exact solution to scattering by an infinite wedge, the 

coefficients fail to account for the joining of two edges at a corner. 

For certain aspect angles, the scattering from the corners is 

significant. Pathak and Burnside developed a heuristic corner 

diffraction coefficient [ 7 ] - [ 8 ]  based upon an appropriate, although 

non-rigorous, modification of an asymptotic evaluation of the 

radiation integral due to the equivalent edge current that would exist 

along the scattering edge if the corner were not present. One major 

flaw in the coefficient is that it is non-unique for certain 

backscatter angles near normal incidence [9], thus a 

rigorously-developed corner diffraction coefficient is desirable. 

However, Pathak and Burnside's coefficient is successful for many 

plate geometries and may be used with caution. 

The geometry for a corner in a planar surface is shown in Fig. 6. 

The total diffracted field from one corner is the sum of contributions 

from each of the edges comprising the corner. The general form of the 

corner diffracted field is: 

where 

i - E ( Q c )  = the incident field at the corner. 

Dc = the dyadic corner diffraction coefficient. 
- 

-28- 



Observation 1 p o c  

F i g .  6. Geometry for  a corner in a p l a n a r  surface. 
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s = the distance from the corner to the receiver. 

s'  = the distance from the source to the point of edge 
diffraction. 

s"  = the distance from the point of edge diffraction to the 

receiver. 

9, = the distance from the source to the corner. 

- j k s  e = the phase factor. 

The dyadic corner diffraction coefficient, like the ordinary 

diffraction coefficient, is in terms of parallel and perpendicular 

components: 

( 3 4 )  
- "i "dc c "i "dc D ~ =  eh eh D~ + e, e, D: 

DE and D: are the hard and soft corner diffraction coefficients, 

respectively, given by the following: 

F [kLca (T(+B,, 
- jn/4 e 

':,h = - c%h (*E) c0s(3,, - COS(3, C Z F  

where 

1 La C P + )  / A  
F[kLca(n+(3,c - (3,) 

- & ) I  (35) 

(36) 

-30- 



. 8 

F i s  t h e  F r e s n e l  t r a n s i t i o n  f u n c t i o n  g iven  by: 

m 
2 

jx  s .-jr dr 
F(X) = 2 j G  e 

G 
6' a r e  a s :  

+ 
p- = J, 5 J,' 

(37)  

(38) 

p, i s  t h e  K e l l e r  cone a n g l e .  The o t h e r  a n g l e s  and f u n c t i o n s  a r e :  

6,  = t h e  a n g l e  between t h e  i n c i d e n t  r a y  a t  t h e  c o r n e r  and 

p,, = t h e  a n g l e  between t h e  d i f f r a c t e d  ray a t  t h e  c o r n e r  
and t h e  e x t e n s i o n  of t h e  edge of i n t e r e s t  a s  shown i n  
Fig. 3-5. 

t h e  edge of i n t e r e s t .  

s'  SI '  2 
L =  s i n  (@,I 

( s ' +SI' ) 
(39b)  

These f i e l d s  s i m p l i f y  c o n s i d e r a b l y  f o r  f a r - f i e l d ,  plane-wave 

s c a t t e r i n g  from t h e  r e c t a n g u l a r  p l a t e .  

The RCS of t h e  f l a t  p l a t e  i n  a l l  p l a n e s  can be de te rmined  u s i n g  

o n l y  t h e  c o r n e r  d i f f r a c t i o n  c o e f f i c i e n t .  Near and  a t  normal 

i n c i d e n c e ,  t h i s  fo rmula t ion  f a i l s  due  t o  t h e  n o n r e c i p r o c a l  n a t u r e  of 

t h e  c o r n e r  d i f f r a c t i o n  c o e f f i c i e n t .  T o  a l l e v i a t e  t h i s  problem, n e a r  

and  a t  normal inc idence ,  t h e  GTD e q u i v a l e n t  c u r r e n t s  s o l u t i o n  i s  used;  

and t h e  c o r n e r  d i f f r a c t i o n  r e s u l t s  a r e  used  away from t h e  problem 

a r e a .  The t o t a l  s c a t t e r e d  f i e l d  from a c o r n e r  c o n s i s t s  of t e r m s  f o r  

-31- 



each of the adjoining edges; therefore, eight terms are needed for the 

rectangular plate. 

The general expression for the corner diffracted field due to one 

of the two adjoining edges is given in (33). For far-field 

scattering, s 9, E S' I s" E m ; therefore: 

for far-field scattering. 

For far-field backscattering, L, = m so that: 

F [kL,a (n+Bo,-IJ,) 1 1 

Also, Po, = n - p, and I,P = $ so that: 

d sinPC sinIJ,, -tanR, - - .u 
c0spoc - COSIJ, 2 

The diffraction coefficient simplifies to: 

(42) 

(43) 

For far-field backscattering, L P L, FZ m and CS,h(QE) simplifies to: 

I /I 1 
cos@ IF[ 2 2ncos (n-p,) 

c ( 4 5 )  

The total field scattered due to one edge adjoining at a corner 

simplifies to: 

-32- 



2 
1 cos * { I F [  2ncos213, 1 lkv IF[ 2ncos * 8, ll} (46) 

The t o p  view of  t h e  p l a t e  geometry f o r  t h e  c o r n e r  d i f f r a c t i o n  

a n a l y s i s  i s  shown i n  F i g .  7. The i n c i d e n t  f ie lds  a r e  t h e  same a s  i n  

( 9 )  . The f i e l d  must be de termined  a t  t h e  c o r n e r  of  i n t e r e s t .  The 

c o r n e r s  a r e  d e s i g n a t e d  a s  t h e  f o l l o w i n g :  

Corner  A :  x = a  Y = b  

Corner  B:  x = -a y = b  

Corner  C: x = -a y = -b 

Corner  D:  x - a  y -b 

T h e  a n g l e s  1/1 a r e  t h e  same a s  t h o s e  g iven  i n  ( 5 ) .  T h e  t) a n g l e  u s e d  f o r  

t h e  s c a t t e r i n g  component f o r  a d e s i g n a t e d  edge and  c o r n e r  is t h e  IC, 

a s s o c i a t e d  

s c a t t e r i n g  

w i t h  t h e  edge. For example, t h e  a n g l e  i s  u s e d  f o r  

f rom c o r n e r  A due t o  t h e  p r e s e n c e  of edge 1. 
A 

The 6, a n g l e  i s  t h e  a n g l e  between t h e  - s t  and t h e  edge o r :  
A A 

COS/3, = -9 ' c ( 4 7 )  

where 
A 

c = t h e  u n i t  v e c t o r  t a n g e n t  t o  t h e  edge of  i n t e r e s t  p o i n t i n g  

The v e c t o r s  and  a n g u l a r  f u n c t i o n s  f o r  each c o r n e r / e d g e  combinat ion 

outward from t h e  c o r n e r  of i n t e r e s t .  

a r e  : 

-33- 



Y 

' 82 

Edge 2 

A 

cc2  1 

B 

C 

A 

D 

(-a,-b) A Edge4 

A1 

Edge 1 

- x  

F i g .  7 .  Top view o f  the p l a t e  f o r  the  c o r n e r  d i f f r a c t i o n  a n a l y s i s .  
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Corner A - 

Edge 1: 

Edge 3 :  

Corner 

Edge 2: 

Edge 3 :  

Corner C - 
Edge 2 :  

Edge 4: 

Corner D - 
Edge 1: 

Edge 4: 

A A 

cAl = -ay 

cA3 = -ax 
A A 

A A 

Y 

'B3 = ax 

cB2 = -a 
A A 

cosp = -sine'sin+' 

cosp = -sin@'cos+' 

'A1 

'A3 

coscj = -sine'sin+' 

cos6 = sin@'cos+' 

OB2 

OB 3 

A A 

cc2 = ay sinel sin+' 

cc4 = ax  COS/^,^^= sine'cos+' 
A 6 

A A 

cos6 = sin@'sin+' 

- coscj = -sine'cos+' 

c D 1  = ay 'Dl 

'D4 - ax OD4 

A A 

The final parameter that must be designated is s f  the distance from 

the corner to the observation point. The geometry indicating these 

distances is in Fig. 8. For far-field scattering, the following 

approximations are used: 

Amplitude : SA = SB = sc = SD = s 

S A P S - -  /= (cos+'+sin+' 

S g E S - -  /- (sin+'-cos+' 

2 
Phase : 

2 

s c = s + -  sine' (cos+' +sin+' 
2 
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5B I 
I I 

-b X 

Edge 4 

F i g .  8. Three-dimensional view of the plate  for corner d i f f r ac t ion .  

-36- 



The t o t a l  f i e l d  s c a t t e r e d  by t h e  p l a t e  c o n s i s t s  of a t e r m  of t h e  form 

of ( 4 6 )  f o r  each  edge j o i n e d  a t  a c o r n e r .  These e i g h t  t e r m s  a r e  

added t o  a r r i v e  a t  t h e  t o t a l  f i e l d .  

-31- 



111. Results 

Computations were made f o r  a s q u a r e  p l a t e  w i t h  each side e q u a l  t o  

5 .73  A .  Comparisons are made among t h e  f o l l o w i n g :  MM and  

e x p e r i m e n t a l  r e s u l t s ,  t h e  PO e q u i v a l e n t  c u r r e n t s  model, t h e  GTD 

e q u i v a l e n t  c u r r e n t s  model, t h e  PO/PTD e q u i v a l e n t  c u r r e n t s  model, t h e  

PO/PTD/2nd-order e q u i v a l e n t  c u r r e n t s  model, and t h e  c o r n e r  d i f f r a c t i o n  

c o e f f i c i e n t s  model. 

0 

F i g .  9 shows s o f t  p o l a r i z a t i o n  r e s u l t s  f o r  a 30 r o t a t e d  p l a t e .  

Even t h e  PO e q u i v a l e n t  c u r r e n t s ,  which account  o n l y  f o r  s u r f a c e  

s c a t t e r i n g ,  g i v e  good r e s u l t s  n e a r  normal i n c i d e n c e .  As t h e  a n g l e  of 

i n c i d e n c e  moves away from normal, t h e r e  i s  a need  f o r  components t o  

accoun t  f o r  edge d i f f r a c t i o n .  The GTD and PO/PTD models  g r e a t l y  

improve t h e  r e s u l t s  i n  t h e  g r a z i n g  r eg ions ,  a l t h o u g h  t h e r e  remains 

some d i sag reemen t  which p o i n t s  t o  t h e  n e c e s s i t y  f o r  h i g h e r - o r d e r  and  

c o r n e r  d i f f r a c t i o n  components. F i g .  1 0  shows r e s u l t s  f rom t h e  PO/PTD 

model w i th  t h e  second-order  PTD c o e f f i c i e n t s  added and  a l s o  shows 

r e s u l t s  f rom t h e  c o r n e r  d i f f r a c t i o n  c o e f f i c i e n t  model.  S i n c e  t h e  

c o r n e r  d i f f r a c t i o n  c o e f f i c i e n t s  are i n a c c u r a t e  n e a r  and  a t  normal 

i n c i d e n c e ,  t h e  GTD e q u i v a l e n t  c u r r e n t s  s o l u t i o n  i s  u s e d  i n  t h e  r e g i o n  

25 on e i the r  side o f  t h e  normal d i r e c t i o n  and t h e  c o r n e r  d i f f r a c t i o n  

s o l u t i o n  is  u s e d  e l sewhere .  The second-order  c u r r e n t s  do  n o t  improve 

t h e  r e s u l t s  f o r  t h i s  case and even r e s u l t  i n  worse agreement  t h a n  t h a t  

0 
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', ... , 

obtained using the first-order models. The corner diffraction model 

improves the results near grazing and agrees with the first-order 

models away from grazing, indicating that the corner diffraction 

mechanism is the more crucial scattering mechanism for this plate 

rotation and polarization. 

Fig. 11 shows the hard polarization results using the first-order 

models for the same plate configuration rotated 30°. Near and at 

grazing there is a major discrepancy between the first-order, 

high-frequency models and the experimental and MM results. The PO/PTD 

models with the second-order components added and the corner 

diffraction coefficients model yield much better results although 

discrepancies still exist. These results are displayed in Fig. 12. 

The soft polarization results for the same size plate rotated 45' 

are in Fig. 13. One would expect that corner-diffraction would play a 

major role at this angle of rotation so that the large discrepancies 

of the f irst-order models near grazing incidence are not surprising. 

The addition of second-order equivalent currents yields excellent 

results in this case. Surprisingly, the corner diffraction model does 

not improve the results. These results, shown in Fig. 14, indicate 

that for this angle of rotation and polarization second-order 

components are the major contributing factors. 

Hard plarization results for the same rotation angle are shown in 

Figs. 15 and 16. Just as for the 30' rotated plate for hard 

-41- 
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polarization, the first-order, high-frequency models do not produce 

good results near the grazing regions. The corner diffraction model 

greatly improves the results; however, the addition of second-order 

components does not result in an improved model. This indicates that 

the corner diffraction mechanism is dominant for this configuration. 

IV. Conclusions 

The nonprincipal-plane scattering from a rectangular flat plate 

was considered. Comparisons among five high-frequency models, MM and 

experimental results were made. Near normal incidence all the models 

agreed; however, near grazing incidence a need for higher-order 

and corner diffraction mechanisms was noted. In many instances the 

second-order and corner-scattered fields formulated in this report 

improved the results. 
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